Translocation is a key step of the translation elongation cycle, in which the ribosome moves by one codon along a mRNA. Each time a peptide bond is formed, the two tRNAs bound to the aminoacyl (A) and peptidyl (P) sites of the ribosome in the pretranslocation (PRE) state translocate to the P and exit (E) sites, respectively, toward the posttranslocation (POST) state. In bacteria, translocation is promoted by elongation factor G (EF-G) in a manner dependent on GTP hydrolysis. The tRNAs spontaneously shift from the classical PRE A/A and P/P states to the hybrid A/P and P/E states and then, with the help of EF-G, to the chimeric (CHI) states, in which the tRNA-mRNA complex moves relative to the SSU until the POST state is reached [1] [2] [3] .
a r t i c l e s
Translocation is a key step of the translation elongation cycle, in which the ribosome moves by one codon along a mRNA. Each time a peptide bond is formed, the two tRNAs bound to the aminoacyl (A) and peptidyl (P) sites of the ribosome in the pretranslocation (PRE) state translocate to the P and exit (E) sites, respectively, toward the posttranslocation (POST) state. In bacteria, translocation is promoted by elongation factor G (EF-G) in a manner dependent on GTP hydrolysis. The tRNAs spontaneously shift from the classical PRE A/A and P/P states to the hybrid A/P and P/E states and then, with the help of EF-G, to the chimeric (CHI) states, in which the tRNA-mRNA complex moves relative to the SSU until the POST state is reached [1] [2] [3] .
The key challenge in understanding how translocation works is to identify the motions within the ribosome-tRNA-mRNA complex that orchestrate the forward movement and to place the available structures of translocation intermediates along the time axis of the reaction. Several CHI intermediates in the translocation pathway have been identified and characterized by X-ray crystallography [3] [4] [5] [6] , cryo-EM reconstructions 2, 7 and single-molecule techniques, including fluorescence resonance energy transfer (FRET) 8, 9 . However, the sequence of events and the timing of ribosome motions in relation to tRNA displacement remain unclear. To obtain this information, we monitored EF-G-catalyzed translocation in real time through rapid ensemble kinetics, by using a toolbox of different fluorescent reporters and FRET pairs. We performed a global analysis of time courses by numerical integration and identified rate-determining elemental steps of translocation. By analyzing the fluorescence signatures of every reporter at each step of translocation, we identified the predominant sequence of collective motions and determined the role of GTP hydrolysis in shaping the reaction pathway. The global kinetic analysis presented here for the ribosome allows description of the choreographies of motions monitored with multiple reporters and could potentially be adapted to other multicomponent systems to visualize molecular machines in motion.
SSU rearrangement reported by a fluorophore at protein S13
The ribosomal protein S13 in the SSU head provided a vantage point to monitor the rearrangements at the P site of the SSU and interconversions between the PRE and POST states ( Supplementary  Fig. 2a ). Time courses of translocation monitored with Alexa Fluor (Alx) 488-labeled S13 revealed a rapid downward phase and a slower upward phase ( Fig. 2a and Supplementary Fig. 2b,c) . The downward phase exhibited a linear concentration dependence, thus indicating that this phase reflects EF-G binding. Addition of Vio did not affect the downward phase but blocked the fluorescence increase, thus relating the latter phase to tRNA movement. When we replaced GTP with GTPγS, the rate of the upward phase was reduced by a factor of 70 ( Supplementary Fig. 2c ).
SSU head swiveling monitored by FRET between S13 and L33
To follow SSU head swiveling by FRET, we chose labeling positions on the SSU and LSU comprising different degrees of subunit rotation and SSU head swiveling 10, 11, 23, 24 , guided by cryo-EM and crystal structures, and molecular dynamics simulations of PRE complexes (Supplementary Fig. 3a) . We labeled the LSU protein L33 with the fluorescence donor Alx488 (Fig. 2b) and labeled the SSU protein S13 with the nonfluorescent acceptor Atto540Q. Using a nonfluorescent acceptor rather than an acceptor fluorophore bypassed complications related to the fluorescence changes of an Alx488 acceptor on S13, as described above (Fig. 2a) . S13-L33 FRET resulted in a decrease of L33 fluorescence upon formation of the hybrid rotated complex after addition of the ternary complex of elongation factor Tu (EF-Tu)-GTP with Phe-tRNA Phe and peptide-bond formation. The fluorescence increased upon formation of the POST state brought about by EF-G-GTP (Supplementary Fig. 3b ). The amplitude of the fluorescence decrease accompanying the transition to the PRE state was completely recovered in the POST state, thus indicating reversible conformational fluctuations of the SSU during the elongation cycle. In contrast, complexes with the donor label alone did not show any change in fluorescence signal upon addition of EF-G-GTP (Supplementary Fig. 3c ). These data and additional controls (Online Methods) suggested that the changes observed with double-labeled ribosomes were due to FRET, which reflected changes in distances between the fluorophores during translocation.
Of the two principal SSU motions, the S13-L33 pair can report on the SSU head swiveling, the SSU-LSU rotation or both. Structural data have indicated that the two types of motions, which are loosely coupled in the absence of EF-G 24 , can be uncoupled by EF-G binding 2, 3, 6, 7, 10 . Comparison of the time courses (described below) showed that the S13-L33 FRET change reported on different steps than those monitored by the bona fide SSU-LSU rotation pair S6-L9 (Fig. 2c) ; the S6-L9 pair has been extensively characterized and validated to monitor SSU-LSU rotation [25] [26] [27] [28] . Because the label in S13 was located in the SSU head, we assigned the S13-L33 FRET changes to the swiveling motions of the SSU head.
Time courses of translocation had downward and upward phases (Fig. 2b) . The PRE complex fluctuates between the classical and the hybrid rotated state; under the conditions of our experiments, the PRE hybrid rotated state was favored, but a fraction of the ribosomes were in the classical state 9 . The fluorescence decrease caused by EF-G binding suggested either that more ribosomes attained a swiveled SSU conformation or that the degree of swiveling increased. Both kinetic phases represented rearrangement steps, as demonstrated by the concentration dependence of the apparent rate constants of the two steps, k app1 and k app2 (Supplementary Fig. 3d,e) , that were kinetically different from those monitored by the S13 reporter ( Supplementary Fig. 2b,c) . When translocation was blocked by Vio, we no longer observed the fluorescence increase (Fig. 2b) . When we used GTPγS instead of GTP, the k app1 value was only slightly decreased (by a factor of four), whereas k app2 was reduced by a factor of 80 (Fig. 2b) . In the absence of added nucleotide, both phases were abolished, thus demonstrating that EF-G requires the presence of a guanine nucleotide to drive translocation and that the preparations used in this work were free from guanine nucleotide contamination (Supplementary Fig. 3c ).
SSU body rotation monitored by FRET between S6 and L9
To follow the rotation of the SSU body relative to the LSU, we monitored FRET between proteins S6 and L9 (Fig. 2c) , an approach that has been introduced and validated by others 25, 26 . We labeled S6 with Alx488 (donor) and L9 with Alx568 (acceptor). We observed that, consistently with a previous FRET assignment 25, 26 , the acceptor fluorescence was lower when the ribosome was in the rotated state and was higher when the ribosome was in the nonrotated state (Fig. 2c) . Simultaneously, the fluorescence of the donor on S6 decreased (Supplementary Fig. 4a ), consistently with a FRET change due to a backward rotation of the SSU, whereas controls showed no fluorescence change when either donor or acceptor alone was present ( Supplementary Fig. 4b,c) . The observed time course had an initial delay phase preceding the change in FRET, thus precluding reliable exponential fitting. Vio inhibited the back rotation, consistently with earlier reports 29 . When we replaced GTP with GTPγS, the FRET increase became much slower (Fig. 2c) .
P-site tRNA movements
To follow the translocation of tRNA fMet out of the P site, we used tRNA fMet labeled with fluorescein (tRNA fMet (Flu)) to monitor fluorescence changes or FRET to a nonfluorescent acceptor, Atto540Q, attached to S13 or L33 (Fig. 3a-c) . In all three cases, translocation started after a delay. The reaction was much slower when GTP hydrolysis was impaired either through replacement of GTP with GTPγS or replacement of EF-G with EF-G H91A, a mutant incapable of GTP hydrolysis 18 . No reaction occurred in the presence of Vio or when the nucleotide was omitted. Interestingly, the time courses were multiphasic, and different phases of tRNA fMet movement were predominantly reported by different labels (dashed lines in Fig. 3a-c) . These results indicated a multistep trajectory of tRNA movement from the P site. The fluorescence of tRNA fMet (Flu) starts to change upon displacement from the P site 18, 30 , concomitantly with the movement of the peptidyl-tRNA from the A to the P site 15 . At the end of the reaction, the tRNA is likely to dissociate from the ribosome 30 . 
Binding and dissociation of EF-G monitored by FRET with L12
Finally, we monitored the interaction of EF-G with the ribosome by using a FRET pair with Alx488 as a fluorescence donor on LSU protein L12 and the nonfluorescent acceptor QSY9 on EF-G 30 . The fluorescence decreased upon binding of EF-G to L12 and then increased upon dissociation (Fig. 3d) . The upward phase was inhibited by Vio, thus indicating that this phase depended on tRNA translocation. In the presence of GTPγS, only the downward phase was observed at a particularly large amplitude, as expected when the release of EF-G from L12 is blocked. Inspection of the time courses revealed a complex kinetic behavior that could not be evaluated by multiexponential fitting.
Numerical integration analysis of translocation kinetics
The large number of FRET pairs, the complexity of some of the fluorescence signals and the demand for a comprehensive kinetic model of translocation necessitated the use of a global fitting analysis by numerical integration 31 . For global analysis, we combined time courses obtained with different FRET pairs at up to six different EF-G concentrations. To include information on mRNA movement, we additionally used time courses previously obtained with Alx405 (ref. 15) and Alx488 (ref. 18) attached to the 3′ end of the mRNA. We used a linear kinetic model ( Fig. 4a) with an initial reversible step accounting for EF-G binding and dissociation followed by four irreversible steps, which was the minimum number of steps required to fit all data satisfactorily ( Supplementary Figs. 5-7) . We assumed that steps 2-5 were quasi-irreversible, because translocation in the presence of EF-G and GTP is highly committed to forward movement. Global fitting of the data not only provided the elemental rate constants for each step but also allowed us to calculate intrinsic fluorescence intensities ( (Fig. 6) . Because the IFIs were calculated in an unbiased manner, without any prior assumptions as to how a given reporter might change the fluorescence at each step, the fluorescence signatures provided information for the sequence of the rearrangements monitored with each FRET pair.
Numerical integration with the five-step model yielded a fit ( Fig. 4b) with good global statistics ( Supplementary Fig. 5a ) and provided elemental rate constants for the five steps (Fig. 4a) . In step 1, EF-G binding is rapid and readily reversible (Fig. 7) , as previously reported 19, 29, 32, 33 . Inspection of IFI values (Fig. 4c) suggested that EF-G binding leads to changes not only in L12-EF-G FRET but also in S13 fluorescence and S13-L33 and S6-L9 FRET. These observations may be explained by a stabilization of the rotated-swiveled npg a r t i c l e s conformation of the SSU 34, 35 . Even though a large portion of the PRE complexes under our conditions assumed the hybrid rotated state 9 , the complexes that remained in the classical state were converted to the rotated-swiveled state upon EF-G binding, thus resulting in the observed counterclockwise (CCW) rotation of the SSU head and body.
Step 2 comprises a rapid rearrangement (Figs. 4c and 7) . The increase in the S13 IFI indicated an alteration in the decoding center. In addition, the S13-L33 FRET and the S6-L9 FRET changed at step 2. While the SSU head swivels further in the forward, CCW direction, the body starts to move in the backward, clockwise direction (CW). For the SSU body, this is a major early rearrangement toward the POST state. This movement has not been captured in previous studies, in which SSU body rotation has been proposed to be a discrete late step in the translocation pathway 26 or to occur simultaneously with the CW SSU head swiveling 28 .
Step 3 comprises the synchronous A-to-P and P-to-E displacement of the two tRNAs together with the mRNA. The P-site tRNA fMet (Flu) showed a major change marking the movement from the P to the E sites (Figs. 4c and 7) . A concomitant movement of the A-site peptidyl-tRNA has been reported through labels in the D loop or at the N-terminal methionine 15, 18 . Time-resolved puromycin assays have suggested that the 3′ end of the peptidyl-tRNA moves to the LSU P site at the same rate 15 . We observed a concomitant change in the conformation of the decoding site, as monitored by the S13 fluorophore. The SSU head starts to swivel backward while the SSU body continues its gradual rotation backward in the CW direction.
At step 4, the E-site tRNA moves away from proteins S13 and L33 (Figs. 4c and 7) . Together, the three tRNA fMet reporters monitored the transit from the E site to the intermediate E′ site 24, 36 and the dissociation from the ribosome. At this stage, the deacylated tRNA moves away from protein S13, thus probably signifying the disruption of the codon-anticodon interaction in the E site. The SSU head and body move backward. EF-G dissociates from L12, restoring the initial fluorescence of the L12 reporter. Finally, at step 5, the SSU head and body reach their final POST positions, and the deacylated tRNA dissociates from the ribosome, as reported by tRNA fMet -S13 and tRNA fMet -L33 FRET (Figs. 4c and 7) .
IFI values for both labels at the 3′ end of the mRNA (Fig. 4c) changed at almost every step of translocation except step 1, owing to changes in the environment of the reporters upon movements of the SSU 18, 28 , and they further suggest that such reporters should be used with caution when assigning signal changes to particular steps of translocation.
The role of GTP hydrolysis
By numerical integration of the data collected in the presence of GTPγS, we also obtained the rates of individual steps and the fluorescence signatures of intermediates formed before GTP hydrolysis (Fig. 5 and Supplementary  Fig. 5b ). Replacing GTP with GTPγS had little effect on the rate of step 1. Similarly, steps 2 and 4 were slowed down by factors of three and five, respectively. In contrast, the rates of steps 3 and 5 were reduced dramatically, by factors of 40 and 20, respectively (Fig. 5a) , consistently with results from previous reports showing the effects of GTP hydrolysis on the rate of translocation 15, 18, 19, 32, 33, 35 . In addition to the rate effects, the fluorescence signatures of some FRET pairs were altered. In the presence of GTP, the initial fluorescence decrease of S13 labeled with Alx488 was followed by a large increase at steps 2-5; however, we did not observe these latter rearrangements in the presence of GTPγS (Fig. 5b,c) . The backward CW swiveling and rotation of the SSU head and body started at a later step than observed in the presence of GTP (at step 5 rather than 3; Fig. 6 ), i.e., after rather than during tRNA movement. This observation suggests that tRNA movement and the motions of the SSU head and body are uncoupled in the presence of GTPγS. The interactions between L12 and EF-G were not resolved when GTP hydrolysis was blocked; in addition, the slow tRNA translocation taking place in the presence of GTPγS brought the labels on L12 and EF-G even closer to each other, i.e., into a structural arrangement that was not formed after GTP hydrolysis (Fig. 6) . Thus, when GTP hydrolysis is prevented, translocation proceeds through a different pathway than when GTP is hydrolyzed, as evident from multiple changes in the rates of elemental steps, coupling between Fig. 8 ).
DISCUSSION
Our kinetic analysis provides a comprehensive description of the choreography of motions during EF-G-promoted tRNA translocation (Fig. 7) . Binding of EF-G to the ribosome (step 1) is rapid and reversible and stabilizes the rotated and swiveled conformation of the SSU. Notably, the rate of this transition (~500 s -1 , estimated for the concentration of EF-G in vivo, ~10 µM) is much higher than the expected transition between the classical and hybrid PRE states, as estimated by single-molecule FRET experiments 34, 35 , thus indicating that the fluctuations between the two conformations of the PRE complex are not rate limiting for translocation. The intermediate formed in step 1 may correspond to the PRE5-EF-G or the chimeric CHI1 states (numbered according to previously introduced nomenclature for different PRE and CHI states 9, 24 ) identified by single-molecule FRET 9 and may be structurally related to the ribosome-Vio-EF-G complex characterized by cryo-EM 37 , because Vio does not affect steps 1 and 2.
The CCW movement of the SSU head continues in step 2. In contrast to the head, the SSU body starts to rotate backward (CW), thus resulting in the uncoupling of head and body movements. The observed change in the EF-G-L12 FRET may be related to structuring of the switch regions of the factor 4-6 , GTP hydrolysis 16, 19, 33 or EF-G engagement 9, 29 , all of which occur at approximately the same time. The intermediate formed in step 2 may be close to the ap/ap-pe/E state captured by X-ray crystallography 3 . Our ensemble kinetics and single-molecule FRET data suggest that step 2 may entail further intermediates, for example, the CHI2 and CHI3 states 9, 15 .
During step 3, the tRNAs together with the mRNA move from the A to P and P to E sites. At the same time, the SSU head starts to swivel backward while the SSU body continues its gradual rotation backward in the CW direction. Concurrently, inorganic phosphate is released from EF-G 16 . The intermediate formed in step 3 may correspond to the CHI4 complex stalled by fusidic acid 9 , whose structure has been solved by cryo-EM 2 , because the subsequent step 4 is blocked by Figure 7 Choreography of movements during translocation. The initial reversible association of EF-G (step 1) is accompanied by the CCW rotation of the SSU head and body. In step 2, the SSU head swivels further in the CCW direction while the SSU body starts to move backward in the CW direction; concomitantly, EF-G engages with the ribosome and hydrolyzes GTP. In step 3, the two tRNAs together with the mRNA move from the A to P and P to E sites, and inorganic phosphate (P i ) is released from EF-G; the SSU body continues its backward rotation (CW) while the SSU head starts rotating backward (CW). In step 4, EF-G dissociates from L12 while the E-site tRNA moves into the E′ state. The backward (CW) motion of the SSU head and body continues and ends in step 5, in which the deacylated tRNA and EF-G are released from the ribosome. Steps 3 and 5 are inhibited when GTP hydrolysis is impaired.
fusidic acid (data not shown). Finally, steps 4 and 5 entail the movement of the deacylated tRNA from the P site through the E state and an intermediate E-site tRNA binding state (E′) and into solution, concomitantly with the further backward swiveling and rotation of the SSU head and body, respectively, and the release of EF-G from the ribosome. The existence of an E′ state has been noted before, on the basis of biochemical and cryo-EM data 24, 36 . The structure of the intermediate formed in step 4 (which may be denoted CHI5) has not yet been determined; step 5 leads to the classical POST state.
The dissociation of EF-G from the POST state is a complex process. Our kinetic analysis of L12-EF-G FRET indicated that EF-G dissociates from L12 at step 4. However, GTPγS blocks the dissociation of EF-G from the ribosome at step 5 rather than step 4. This observation may be explained by assuming that EF-G dissociates from the ribosome in two steps, in which the contact to L12 is released at step 4, and then at step 5 the factor dissociates from the ribosome, possibly from its contact site on the sarcin-ricin loop of 23S rRNA.
Step 5 is the slowest step in translocation under the conditions used here. The overall duration of translocation strongly depends on the Mg 2+ concentration, particularly at high EF-G concentrations 38 . EF-G dissociation 29 and the tRNA release from the E site 39 are strongly Mg 2+ dependent as well. We suggest that, at the low Mg 2+ concentration prevailing in vivo, step 5 will be rapid, thus allowing for rapid dissociation of tRNA and EF-G at rates consistent with the overall rate of protein synthesis in vivo.
GTP hydrolysis has a dramatic effect on the rates of steps 3 and 5. The notion that the energy of GTP hydrolysis is used to promote tRNA displacement in addition to EF-G release is consistent with previous results 15, 18, 19, 32, 33, 35 . The observation that the conformations of intermediates formed in steps 3-5 are different in the presence of GTP and GTPγS indicates that the two pathways are different. GTP hydrolysis contributes to the unlocking step of translocation 16 , by inducing an altered conformation of the SSU decoding center, and to the uncoupling of tRNA movements from the motions of the SSU head and body. In an intermediate formed in the absence of GTP hydrolysis, the tRNAs are partially translocated on the LSU but not on the SSU; GTP hydrolysis synchronizes the movements on the two subunits 15 .
Our data show that the trajectories of the movements of parts of the ribosome are smooth, suggesting that translocation entails a Labeling of ribosomal subunits. E. coli genes encoding ribosomal proteins S13 or L33 (rpsM or rpmG) were individually cloned into vector pET24a. The native cysteine residue present in S13 at position 85 was replaced with serine through site-directed mutagenesis. Single cysteine residues were then introduced at position 112 of S13 (ref. 18 ) and at position 31 of L33. Recombinant single-cysteine proteins were then expressed, purified, labeled and refolded as previously described 18 . The degree of labeling was 90% to 100%, as determined spectrophotometrically.
Null-mutant E. coli strains lacking S13 or L33 were kindly provided by R. Green and J. Maddock, respectively. Purified ∆S13 and ∆L33 ribosomal subunits were reconstituted with a 1.5-fold excess of labeled S13 or L33. Reconstituted subunits were purified through a 30% sucrose cushion in buffer A (50 mM Tris-HCl, pH 7.5, 70 mM NH 4 Cl, 30 mM KCl and 7 mM MgCl 2 ) to remove excess labeled protein 18 . The extent of ribosomal-subunit labeling, as determined spectrophotometrically, was approximately 95%. Expression, purification and labeling of ribosomal proteins S6 and L9 was carried out essentially as previously reported 42, 43 , except that ∆S6 and ∆L9 strains were used as a source of the respective ribosomal subunit for the reconstitution. L12-labeled ribosomes were prepared as previously described 30 .
Ribosome complexes. Preparation and purification of IC and PRE complexes were carried out as previously described 15, 16, 18, 41 . Briefly, activated 30S ribosomal subunits (0.5 µM) were mixed with a 1.5-fold excess of 50S subunits in the presence of f[ 3 H]Met-tRNA fMet (two-fold excess), mRNA (three-fold excess), and initiation factors IF1, IF2, and IF3 (1.5-fold excess each) in buffer A supplemented with 1 mM GTP. The mixture was incubated for 30 min at 37 °C, and the ICs were purified through a 1.1 M sucrose cushion in buffer A. PRE complexes were assembled by mixing of equal volumes of IC (described above) and ternary complex (TC), which was prepared as follows. EF-Tu (two-fold excess over PhetRNA Phe ) was incubated for 15 min at 37 °C in buffer A supplemented with 1 mM GTP, 2 mM dithiothreitol (DTT), 3 mM phosphoenolpyruvate (PEP), and 0.5 mg/ml pyruvate kinase. TC formation was completed by the addition of [ 14 C]Phe-tRNA Phe and further incubation for 2 min at 37 °C. PRE complexes were formed by mixture of IC with a two-fold excess of TC containing [ 14 C]PhetRNA Phe and were purified by centrifugation through a 1.1 M sucrose cushion in buffer A containing 20 mM MgCl 2 . The pellets were resuspended in buffer A supplemented with 20 mM MgCl 2 , flash frozen and stored in small aliquots. The efficiency of tRNA incorporation was assessed by nitrocellulose filtration.
Stopped-flow measurements. Rapid kinetic experiments were carried out in buffer A at 37 °C unless stated otherwise. Alx488 and fluorescein fluorophores were excited at 465 nm, and the emission was recorded after passage through a KV500 cutoff filter (Schott). When FRET between Alx488 and Alx568 was monitored, the emission of the acceptor fluorophore was recorded after passage through a KV590 filter. Binding of TC to IC was monitored after mixing of equal volumes of purified IC (0.05 µM; all concentrations represent final concentrations after mixing) and TC (0.2 µM). EF-G-induced translocation was monitored after mixing of PRE complexes (0.05 µM or 0.1 µM) with EF-G in increasing concentrations (0.2-8 µM) in the presence of either GTP or GTPγS (1 mM). Where indicated, Vio (0.2 mM) was added in both syringes. All time courses shown are for an EF-G concentration of 4 µM and represent the average of eight technical replicates (n = 8); each experiment was replicated three times.
To interpret FRET changes in terms of distance changes, we considered which complications might arise due to biochemical and spectroscopic effects. Although variations in the extinction coefficients, the labeling stoichiometry and the spectroscopic properties of the dye should be taken into account to calculate exact distances from FRET data 44 , many of these parameters are not essential when only changes in distances are considered qualitatively in the same fluorescence-labeled sample. Corrections that are necessary when the spectroscopic properties of the fluorophores are modified upon attachment to different sites on the ribosome and analysis accounting for incomplete labeling 44 are not crucial when only the direction of the distance change, rather than the absolute distance, is calculated, because these parameters do not change appreciably within a kinetic experiment. One important factor that may affect the interpretation of measured FRET efficiency changes in terms of distances is the orientation factor κ 2 . This factor was estimated from emission anisotropy measurements, which were performed in a Fluoromax fluorimeter (Horiba) at 37 °C and are provided in the legends to Supplementary Figures 3 and 4. The anisotropies of the dyes were sufficiently low to suggest random reorientation of the dyes in the excited state and an orientation factor κ 2 close to 2/3. This conclusion is consistent with the extensive analysis of FRET-based distances between different ribosomal proteins, which has indicated that κ 2 can be reliably approximated by the value of 2/3 (ref. 44) , thus allowing interpretation of changes in FRET efficiencies as distance changes.
Data fitting. Fluorescence traces were fitted exponentially with GraphPad Prism, and numerical integration was performed with KinTek Explorer 31 . The goodness of the global fits was evaluated with the statistical tools developed to evaluate multidimensional parameter space in fitting kinetic data 45 and implemented in KinTek Explorer 46 . The s.e.m. values of the fits were quite low (χ 2 threshold = 1.00275), owing to the use of a large number of independent data sets, and corresponded to a 0.275% error of fitted parameters. To obtain a more conservative estimate for the rate constants, we increased the percentage error by a factor of 10, as previously recommended 45, 46 , to 2.75% and calculated the lower and upper boundaries for the rate constants from the confidence plots, applying a χ 2 threshold of 1.0275 (Supplementary Figs. 6-8) . To determine the s.d. of the IFI values (rather than the s.e.m. of the fit), we averaged all IFI values calculated for a given FRET pair, for example, those obtained at different EF-G concentrations or replicates. Normalized IFI values were calculated with the normalization tool of GraphPad Prism software, which takes into account error propagation upon data normalization.
Time-resolved Pmn assay. The functional activity of the ribosome complexes was examined with the Pmn assay 15 . Briefly, labeled or nonlabeled PRE complexes (0.2 µM final concentration) were rapidly mixed in a quench-flow apparatus (KinTek) with Pmn (10 mM) and EF-G (4 µM) in the presence of GTP (1 mM). The reaction was quenched with 50% formic acid, and the samples were treated with 1.5 M sodium acetate saturated with MgSO 4 . f[ 3 H]Met[ 14 C] Phe-Pmn was extracted with ethyl acetate and quantified by double-label radioactivity counting.
